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ABSTRACT

Surface flow visualization of Gas Tungsten Arc weld pools

for HY-80 steel is presented using a pulsed laser light source

and a conventional night-vision image-intensifier tube

equipped video camera. Visualization of the weld pool free

surface is made possible by seeding the flow with alumina

particles for both stationary and moving arc welds. These

visualizations reveal several new features not incorporated in

the existing models for stationary wel,ls. A strong clockwise

stirring is observed contrary to the axi-symmetric

computational models. Also, the pool surface shows a bulge

near the center. Complex flow patterns are observed for moving

arc welding. Interpretations of the observed flows based on

the driving forces are provided.
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I. INTRODUCTION

A. SELECTED HISTORY OF NUIMRICAL INVESTIGTIONS

Limitations in the speed and inconsistent quality control

of manual Gas Tungsten Arc Welding (GTAW) process have

resulted in the need for automatic welding control systems.

For nearly two decades, scientists have sought to develop an

automatic system. While partial automation has been successful

for certain applications, no system has been developed so far

which detects and corrects for variation in numerous welding

parameters such as material composition, shape of the

electrode, variations in the flow of shielding gas, arc blow

and oxide patches. These are a few of the weld quality

parameters that a highly skilled operator monitors and are

necessary ingredients of a truly automatic system.

In recent years, progress towards a truly automatic system

has been made using computer simulations of the welding

process. These simulations are based on mathematical models of

heat and fluid flows in the welding arc, weld pool, and the

surrounding heat affected zone. Verification of such models is

a difficult task due to the transient nature of welding and

the inherent problems with ultra high temperature and high

luminosity measurements. A summary of some 3f the recent

computational studies is provided in Table I.
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TABLE I. SELECTED COMPUTATIONAL STUDIES OF

WLD POOL CONVZCTIOU.

INVICATOR (g) KU 0w

1. Oreper and Szekeiy J. Fluid Mech Heat and Fluid-flow phenomena in weld
(1984) pools are modeled for the TIG

(tungsten-inert-gas) welding system.
Form,lation included electromagnetic,
buoyancy and surface tension forces.
Inward or outward surface tension
driven flows may be altered by
changing process chemistry.

2. Kou and Wang Met. Trans A Computer simulation of convection in
(1986) moving arc weld pools with same

driving forces as in [11. Model
assumes flat weld pool surface and
predicts radially outward flow with
partial penetration and inward flow
with full penetration. Surface
tension gradients cause flow
direction to change.

3. Saedi and Unkel J. of Dyn. Thermal-fluid modeling for weld pool
Sys. geometry dynamics was conducted using
Measurement an assumption of a single circulation
and Control patterns (outward or inward radial)
(1989) inside the pool with the E-M forces

dominating.

4. Zacharia et a!. Met. Trans. 13 Three-dimensional transient model for
(1989) arc welding process was developed.

Weld pool surface is assumed to be
deformable and formation of weld pool
crown is acknowledged. Statioiary and
moving arc weld pool exhibit radially
outward flows.

5. Kim ana Na J. of Eng A study on heat and mass flow in
Manufacture stationary gas tungsten arc welding
(1989) using the numerical mapping methoo.

Model was developed using three
driving forces considered in !::.
With the addition of the effect of
aerodynamic drag force due to the
impinging plasma jet. Combined effect
caused double loop circulation.

6. Zacharia et a!. Weldir.g Theoretical analysis of weld pool
Research development during GTA welding was
Supplement conducted using the same three
(1989) driving forces as in [i] with surface

tension being a function of
temperature and sulfur content.
Surface tension gradient driven flow
dominates the fluid flow and the
development of the weld pool. Outward
or inward flows were predicted
depending on sulfur content.

7. Ule et a!. Met. Trans 223 Three-Dimensional transient heat
(99^) transfer computations. Model assumes

distributed heat source and prodjces
only temperature contour lines for
fusion zone prediction. No surface
flow information.
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One of the earliest approaches to the modeling of weld

pool convection is that by Oreper and Szekely [Ref. 1]. Their

model was based on three separate driving forces for the TIG

(tungsten-inert-gas) process: the electromagnetic force which

is caused by the interaction between the divergent current

path in the weld pool and the magnetic field it generates, the

buoyancy force which is caused by the temperature gradient

within the weld pool in the presence of the gravity field and

the surface tension gradients caused by temperature gradients

along the weld pool free surface. The latter can be altered by

the presence of surface active agents in the weld pool

[Ref. l:p. 71].

Using a similar approach Kou and Wang [Ref. 2] modeled

weld pool convection using the same three driving forces as

Oreper and Szekely. Both models assume a flat weld pool

surface, and claim to be applicable for currents at or below

200A. Both models indicate fluid flow on the surface away from

or towards the center of the weld pool, depending upon the

behavior of surface tension with the temperature, during

moving arc welding. [Ref. 3]

Another recent attempt at modeling was by Saedi and Unkel

[Ref. 4]. Their approach was limited to stationary arc cases

with deep parabolic pool geometry. In addition to the

electromagnetic, surface tension, and buoyancy forces, they

considered the pressure and shearing force on the surface of

the weld pool due to the plasma jet momentum as a possible

3



physical mechanism responsible for convection inside the weld

pool. Their model assumed that electromagnetic forces dominate

the circulation pattern inside the weld pool but that a top

region exists where surface tension forces dominate, creating

the same type of outward and inward surface flows which the

first two studies mentioned. The model that Saedi and Unkel

developed was too long to be used in real time due to the

computational time of the conduction solution; however, it

closely followed experimental observations of top width and

penetration.

A recent study by Zacharia et al. [Ref. 5] begins by

attempting to simulate the entire welding process. To analyze

the entire process, they state the need to take into account

the following:

" heat transfer from the arc to the metal surface.

" coupled conduction and convective heat transfer.

" fluid flow in the weld pool.

" phase transformation (melting and solidification) at the
solid/liquid interface.

* fusion zone geometry.

" convection and radiation heat transfer between the
specimen and the atmosphere.

• realistic weld geometry.

" accurate physical properties for the metal.

Their model indicates that surface tension is the predominant

force that controls convection in stationary arc welding

4



causing an outward fluid flow from the weld pool center. This

results since pure metals surface tension is highest at the

cooler edges of the weld pool which forces the fluid away from

the center of the weld pool. A weld pool crown develops from

accumulation of molten metal at fusion zone interface caused

by faster moving liquid on the surface than in the bulk of the

weld pool. The outward predicted flow is also believed to

cause a depression of the metal surface at the center of the

pool. [Ref. 5:p. 654]

Two other studies, one by Kim and Na [Ref. 6], the other

by Zacharia et al. [Ref. 7], also predict inward or outward

radial surface flows which depend mainly on surface tension.

Both are summarized in Table I.

A report by Ule et al. [Ref. 8) looks at three-dimensional

transient temperature variations during autogenous gas

tungsten arc welding. The model assumes a distributed heat

input source and provides the capability of computationaly

predicting the effects of varying welding parameters. This

would allow a real time weld quality monitoring or control

system based on temperature sensing.

B. SELECTID HISTORY OF EXPZRIMENTAL INVZSTIGATIONS

Experimental studies on weld pool motion, summarized in

Table II, not only enable the verification of computer models

but they also give insight into three related issues

associated with welding quality. First, weld pool motion or

5



TABLE II. EXPERIMENTAL STUDIES OF WELD POOL FLUID FLOW

AND BEAT TRANSFER.

INVESTIGATOR (8) RU3NCI RDBRZ

1. Woods and Milner Welding J. (1971) Studying motion in the
weld pool in arc
welding by producing
visualization of metal
pools that suggest
fluid flow. Motion is
primarily caused by the
Lorentz force and is
circular in nature.
Asymmetric current path
gives rise to pure
rotation.

2. Metcalfe and Quigley Welding J. (1977) Studying arc and pool
instability in GTA
welding by identifying
weld pool surface films
that influence anode
spot behavior.
Visualization was
achieved using
microscope with camera
and filter attachments.
Floating surface scum
revealed motion
"around" the motel
metal.

3. Bolstad EG&G Report (1987) Presenting a new
electronic imaging
technique for welding.

4. Kraus Welding J. (1989) Experimental
measurements of
stationary GTA weld
pool surface
temperatures infer weld
pool circulation
patterns. Circulation
patters as related to
surface temperature
profiles may differ
from run to run due to
variation in any
welding parameters.

5. Malinowski-Brodnicka et al. Welding J. (1990) Studying effects of
electromagnetic
stirring on GTA welds
in austenitic stainless
steel. Changes in shape
and solidification
structure of welds
observed. Application
of an external magnetic
field causes rotation
of arc and annular flow
of the liquid metal in
the weld pool.

6. Voelkel and Mazumder App Optics (1990) Presenting a
modification to the new
electronic imaging
technique for welding
as listed in (33.
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stirring facilitates heat transfer in the weld pool thereby

effecting weld pool dimensions. Second, stirring determines

the overall homogeneity of the weld bead. Lastly, stirring

increases the opportunities for metal, flux, and filler

constituents to react in the weld pool, effecting strength and

weld quality. One such study of weld pool motion was by Woods

and Milner [Ref. 9]. By using a rapid quench process, stirring

action by arc welding was made observable. Research on

bismuth-tin metals with indium added for trace material showed

circular motion around the weld pool center [Ref. 9:pp.

16677-s]. Furthermore, pure rotation was observed under given

conditions. These results are in striking contrast to the

mathematical models mentioned earlier.

Experiments on the pattern of fluid flow by Woods and

Milner also showed a relation to position and orientation of

the ground for the welded material. In addition, even when

using reverse polarity, circular motion was still observable.

Woods and Milner's approach to weld pool motion led them to

the conclusion that the circular motion was caused by

electromagnetic and plasma jet momentum forces.

Metcalfe and Quigley [Ref. 10), while studying arc and

pool instability in GTA welding, produced cine-photography of

the arc and weld pool surface. The film was run at 250 frames

per second and neutral density filters were used to reduce

light intensity without altering the color balance. Metcalfe

and Quigley report observing large lumps of slag floating

7



"around" on the surface of the weld pool. No information on

the direction was noted. In addition to slag they also

reported a thin dark layer of scum which is easily moved by

the surface currents on the weld pool and a more tenacious

form of scum adhering to the weld pool -,ides. Their analysis

of the scum and slag indicate that the material contained

higher than expected levels of aluminum and titanium.

Bolstad [Ref. 11) presented a new electronic imaging

technique for the welding process. The purpose of his report

was to rhow that the weld pool surface feat ce can be clearly

observed by shuttering and filtering. This imaging technique

is described in Chapter II, and is used in the pre sent study.

A recent experimental study on stationary veld pool by

Kraus [Ref. 12] related surface temperatures to convective

circulation patterns present. An optical spectral

radiometric/laser reflectance method was used to produce high-

resolutioh surface temperature maps of stationary GTA molten

weld pools using SS 304, SS 316L, and 8630 steel. Measurements

of the weld pool dome to account for non-flat weld pool

surfaces were reported. A range of heats were used to study

the effects of minor alloying elements on the weld pool

surface temperatures. Speculations on the surface tension-

induced surface circulation patterns were also provided based

on the surface temperature measurements.

A study by Malinowski-Brodnicka et al. [Ref. 13) indicates

that application of an external axial magnetic field during

8



welding has a significant influence on the shape and

solidification of the weld. Using bead on plate welds with a

steady magnetic field, asymmetric weld beads were formed;

asymmetry increasing with increasing field strength. Applying

an alternating magnetic field produced symmetric weld bead of

regular and predictable shape. Malinowski-Brodnicka et al.,

stated that the weld bead shape and weld metal structure are

a result of arc rotation and turbulent flow in the liquid

metal of the weld pool.

Voelkel and Mazumder (Ref. 14] discuss visualization of a

laser melt pool using a method similar to the system presented

in Bolstad's report [Ref. 11] which is detailed in-Chapter II.

An illumination technique using both focused and diffused

light is used to deal with the high contrast, obscuring

plasma, and specular surface. As in the Bolstad report

[Ref. 11] the article describes the experimental technique and

does not cover details of surface flow patterns.

C. PRESENT EXPERIMENTAL INVESTIGATION

In the present study, the electronic imaging technique

(Ref. I] for arc welding was used. This technique allowed

direct viewing of the weld pool with minimum interference from

the extremely bright arc of the welding plasma. The weld pool

was seeded with alumina particles whose motion was used for

inferring the flow pattern on the free surface of the pool.

Effects of welding power, electrode tip shape, and arc length

9



on weld pool free ',urface flows were studied. Both stationary

and moving GTA processes were examined. [Ref. 11]

10



II. EXPERIMENTAL SET-UP AND PROCEDURE

A. GAS TUNGSTEN ARC WELDING APPARATUS

A Miller DC Welding Power Source, Model SR600/SCMIA with

electroslope 3 was used in all t;tationary and moving arc

welds. Direct current straight polarity, also referred co as

direct current electrode negative, was utilized which is also

recommended by Stirchcomb [Ref. 153 for welding of mild steel.

To improve the accuracy of current and voltage readings a

Miller Divi-Meter Model 600 volt ind 900 amp meter was used to

directly measure current and voltage. Also recommended by

Stinchcomb and utilized in all the data collection were 2%

Thoriated tungsten electrodes, number 6 cup, and argon gas.

Argon shielding gas flow rates of 118-157 mili-liters per

second (15 to 20 cubic feet per hour) were used. Three-

dimensional positioning of the torch was facilitated by motor

controlled traverses. [Ref. 16]

B. MATERIAL CHARACTERISTICS

HY-80 was selected as the welding material due to its vast

use in naval applications. HY-80 is a high yield, extremely

weldable, quenched and tempered steel. This material responds

well to dynamic loading at low temperatures, consequently it

is the preferred material for submarines and other vessels.

Ii



Twelve-by-seven-inch, one-inch thick HY-80 plates were welded

with 18 spot welds or six moving arc welds. The liquidus and

solidus temperatures are 15160C (27600F) and 14680C (26750F)

respectively. [Ref. 17]

Table III below shows the results of spectral chemical

analysis of three representative HY-80 plates utilized.

TABLE III. SPECTRAL CHEMICAL ANALYSIS OF HY-80
(REPORTED AS WT.%)

Sample I Sample 2 Sample 3

A! (A-) 0.03 0.03 0.02

Carbon (C) 0.14 0.16 .16

Chromi (Cr) 1.49 1.46 1.48

Coubim M (Cb) <0.005 <0.005 <0.005

Copper (C:) 0.10 0.04 0.03

Manganese (Mn) 0.23 0.30 0.30

Molyboen-.- (Mo) 0.37 0.36 0.38

Nickel (Ni) 2.79 2.52 2.52

Nitroge. (n) G.,15 C.C09 0 .00

Prosoncr~s (P, 0.010 0 .0O 0.07^

(Si) C.25 3.25 0.25

" : ( <C.005 0.^8 0_17

(S.) 0 -09 <0.0r5 <0.005

<.tani0,) < 0.5 <v._00<5.005

Vanaci'.. (V) VCC0 <0.0 5 <0.005

C. WELD POOL VISUALIZATION SYSTEM

A laser-augmented welding visior system was utilized and

was set up as in Figure 1. This electronic imaging technique

was specifically developed for uses where electric arc,

plasmas, flames and self luminosity of the material would

12



normally interfere with the imaging process [Ref. 11]. Laser

light more intense than welding arc is directed towards the

welding site and strobed in unison with a conventional night

vision image-intensifier tube. The results are clearer than

any normal video, and are filmed using a solid-state video

camera. The video may then be viewed directly on a TV monitor

and recorded on a VCR. [Ref. 183 [Ref. 11]

1. Laser

The light source is a Laser Photonics PRA/Model UV12

Pulsed Nitrogen Laser. This laser required an external vacuum

and external supply of nitrogen. The laser was operated at 60

pulses per second requiring a supply of 315 mili-liter per

second (40 standard cubic feet per hour) of nitrogen and a

vacuum pump capable of maintaining 60 torr. [Ref. 19]

2. Vision System

The camera unit and system controller is a Control

Vision Inc. Model PN-232 Laser-Augmented Welding Vision

system. The camera unit, seen in Figure 2, may be mounted on

any standard photographic tripod and is placed 15 to 31

centimeters (6 to 12 inches) away from the welding site. The

optical head included the objective optics and optical filter

with the straight end-viewing :onfiguration. This

configuration allows the operator to direct the camera at any

area of interest using any angle obtainable. Focusing area of

the camera is between 1-16 cm2 where the upper end is limited

13
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Figure 2. Laser Vision System Camera Mounted on Tripod.

shutter delay setting is required on the controller. A shutter

delay of 0.64 is was utilized and provided the best video. A

camera sensitivity adjustment is possible and was made when

striking the arc. The camera senoitivity was placed at the

lowest possible setting when striking the arc and then raised

to the desired level when in normal operation. [Ref. 18)

3. Monitor and Recording

A Panasonic video monitor Model TR-196M was used in

high impedance mode and provided high resolution viewing of

the weld pool in black and white on a 19-inch screen. Video

was recorded on a VHS Panasonic Time Lapse Recorder Model A6-

15



6720-P. The recorder provides 400 lines of horizonal

resolution and provides an extremely fine slow motion playback

allowing each of the 60 frames per second to be viewed

individually at slow speed in sequence or in reverse order.

Hard copy photographs of individual frames were obtained by

slow speed manual professional photography of the 19-inch high

resolution monitor while pausing at the desired frame.

D. KXPERIIENTAL PROCEDURE

To provide a basis for comparison with computations,

experiments were carried out for stationary weld pools and for

bead on plate moving arcs. The experiments concentrated on the

recording of surface weld pool development and surface flows.

The experimental procedure consisted of the following

steps:

1. Sample Preparation

In all experimental runs, HY-80 plates were cleaned of

oil, moisture, and contaminants by passing oxyfuel torch over

the steel and then wire brushing all surfaces to be welded.

Sectioning and numbering preceded the coating of each surface

with fine alumina particles. Plates were positioned for

stationary arc welding or placed in motion by a lower table

traverse.

2. Vision System Preparation

Once manual placement of laser and camera components

were complete, synchronization at 60 frames per second was

16



achieved using the vision system camera controller. Focusing

of the irrage on the monitor was completed prior to striking

the arc and the time lapse recorder was placed in the

continuous record mode using VHS tapes.

3. Welding Equipment

Argon flow, cooling water flow, arc length, and

current were adjusted and then the arc was struck. Immediate

fine current adjustments were made to set current at desired

level.
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III. STATIONARY ARC EXPERIMENTS

This chapter will cover stationary bead on plate welds.

Durations of experimental welds were on the order of 30-50

seconds. Stationary experiments included studying welding

efficiency, ground effects, and weld pool development.

Reasonable approximations of welding efficiency can be used in

numerical models to predict weld pool size characteristics

which in turn can be indicative of weld pool convection flow

patterns. Ground effects experiments were conducted in oLder

to determine if the placement and orientation of ground

effected surface flow patterns. Weld pool development with

time was examined with emphasis on effects of input power, arc

length and electrode tip angle. For all experiments video

images of weld pool were produced in order to report on weld

pool sizes and surface flow patterns. A comprehensive listing

of stationary arc experiments can be found in Table VI at the

end of this chapter.

A. WELDING EFFICIENCY

Fusion welding processes are extremely difficult to model

accurately due to the widely varying parameters under which

the process takes place. The welding efficiency is a parameter

which needs to be provided in numerical simulations of the

process. Published welding efficiencies vary widely (20%-90%)
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due to deviations in welding or machine parameters. One

objective of the present study was to determine the effect of

several common welding variables on the efficiency of the GTAW

process.

Efficiency (T1) of the welding process can be defined as

follows:

=Rate of energy transferred to the workpiece (I)

Rate of er.ergy generated by the heat source

The denominator in Equation (1) is the product of input

voltage and current. The quantity in the numerator can be

estimated using Rosenthal's [Ref. 20] three-dimensional heat

flow solution. Setting velocity equal to zero gives;

q = 2nKr(T,-T) (2)

Simplifying Equations (1) and (2), efficiency can be reduced

as follows:

211Kro ( T- T.) (3)EI

where q = energy transferred to the workpiece
K = rate of thermal conductivity of the workpiece
ro = distance from center of weld pool to fusion

zone
TM = temperature at fusion (solidus temperature)
T. = ambient temperature of material far away from

the torch
I = current
E = voltage

In Equation (3), r, was determined by welding on the sample,

cutting the bead in order to reveal the center cross-section,

preparing the samples (see [Ref. 8]) and photographing the
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prepared surfaces for measurements as seen in Figure 3 and

provided measurements with an uncertainty of 0.2mm.

Efficiencies determined using Equation (3) are listed in

Tables IVA through IVC. The range of efficiency values listed

is 55 to 77 percent. Giedt et al. [Ref. 22] report published

values from 21% to 80% and experimentally obtain a value

around 80% using a gradient layer type calorimeter when

welding 304L stainless steel.

Figure 3. Weld Pool Cross Section 251v, 13.2A, 4mm Arc, 450
Electrode Tip Angle. Scale 15.75 Marks Per
Centimeter. Enlargement x5.7.

As seen in Tables IVA and IVB, an increase of input power

decreased efficiency. Also arc length does not appear to

significantly effect efficiency as seen in Table IVc. While

conducting moving arc experiments, Niles and Jackson [Ref. 23]

also observed both a decreasing efficiency with increasing

power input and a negligible effect of electrode angle on
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efficiency. It is clear that arc efficiency depends on welding

parameters such as input power but its calculation also

depends on the theoretical model utilized. Giedt [Ref. 24]

showed that higher efficiency values are calculated with

realistic conduction models. These models account for surface

convective losses, use distributed heat sources and often

account for the latent heat of fusion. While the measurements

reported in Tables IVA-IVC do not account for these effects,

Table VI reports the raw data from which such corrected values

can be computed.

B. GROUNDING EFFECTS

In the electrode negative GTA welding configuration the

arc impinges vertically onto the weld pool, the electrons then

flow through the weld pool and to the ground off-take point.

Position and orientation of ground off-take were varied after

each bead, on plate. Welding positions varied from center of

the plate to a-distance of two inches from the edge. When

welding on the center of the plate, rapid clockwise weld pool

surface flows were visible. Varying position and orientation

of ground off-take did not effect the observed clockwise flow

when welding on the center of the plate. Table VA shows the

various positions and orientations of ground and the resulting

flow direction observed. Figure 4 shows examples of these

clockwise surface flow patterns.
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TABLE IVA. EFFICIENCY LISTED AT INDICATED POWER SETTING FOR

BLUNT (900) ELECTRODE TIP AND 3 Mi ARC.

AMPS VOLTS POWER (WATTS) 1(%)

303 14.3 4333 55

251 12.2 3062 61

200 11.1 2220 67

TABLE IVB. EFFICIENCY LISTED AT INDICATED POWER SETTING FOR

ELECTRODE TIP ANGLE OF 450 AND 4 MM ARC

AMPS VOLTS POWER (WATTS) f (%)

300 14.8 4440 56

251 13.2 3313 59

202 13.2 2666 77

TABLE IVC. EFFICIENCY LISTED AT INDICATED POWER SETTING AND
ARC LENGTH FOR ELECTRODE TIP ANGLE OF 450

ARC LENGTH AMPS VOLTS POWER (WATTS) f(%)
3 300 12.9 3870 63

4 300 14.8 4440 56

5 300 16.2 4860 65

The results of ground effects when welding on the center

of the plate are in sharp contrast to ground effects when

welding near the plate edge (within two inches). Table VB

shows positions and orientation of ground and the flow

direction obscrved for the latter conditions. Flows varied

from rapid clockwise to slow counter-clockwise as position and

orientation of ground changed. An example of clear counter-

clockwise rotation is seen in Figure 5. Woods and Milner [Ref.

9:pp. 1695) conducted experiments on the pattern of fluid
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a. Ti.me +0 Seconds

b. Time + 0.2 Seconds

c., Time + 0. 4 Seconds

Fi.gure 4. Clockwise Rotation of Stationary Weld Pool. 200A,
14. Ov, 4 mm Arc Length, 200 Electrode Tip Angle,
Weld Fool Diameter 14.2 mm, Enlargement x7.7.



a. Ti~me 0.0 Seconds

b. Time +0.2 Seconds

c. Time +0.4 Seconds

Figure 5. Couinter Clockwise Rotation of Stationary Weld
Pool. 200A, 0.2v, 4 m Arc Length, 450 Electrode
Tip Angle, Weld Pool Diameter 10.0 mm.
Enlargement x5.7.
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TABLE VA. RELATION BETWEEN D.-RECTION AND ORIENTATION OF
GROUND OFF-TAKE AND VISIBLE SURFACE FLOWS. ALL FLOWS

OBSERVED WERE IN THE CLOCKWISE DIRECTION.

Bead on Plate at Center of Plate

Are

Plate u

Ground
O-Tow

o 0

o 0

TABLE VB. RZLKTION BETWEEN DIRECTION AND ORIENTATION
OF GROUND OFF-TAKE AND VISIBLE SURFACE FLOWS.

Bead. on Plate Two Inches From Edge of Plate

Slow C- -ck0 o -

Flow Flow

=kw 1Z
0 low Counwe- 0Slow Clockwise

Clockwise owFl
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flows in relation to the direction of the current off-take

connection. Their experiments simulated bead on plates at or

below 200 Amps and they were able to produce both clockwise

and counter-clockwise flows. Numerical models discussed in

Chapter I do not predict circular flows around the weld pool.

This is in direct contrast to the present observations.

C. WELD POOL DEVELOPMENT

Many of the stationary welding experiments were oriented

towards the study of weld pool development. Weld pool growth

for bead on plate was analyzed from the arc being struck to

complete weld pool development (0-45 seconds). Figures 6-10

show weld pool development as a function of time and highlight

the effects of input power, arc length and electrode tip

angle. As noted in Chapter II, 60 frames per second were

recorded. Each individual frame was then counted and studied

for such 4tems as weld pool size, surface flow patterns, and

free surface rise.

1. Effect of Input Power Changes

There are two clear trends among all the experiments

regarding input power. They are as follows: first, weld pool

diameter increases as input power increases, and second, lower

power weld pools generally reach steady state diameter before

higher power weld pools. These two observations can be seen

clearly in Figures 6-8 and are independent of arc length and

electrode tip angle shown in Figures 9-10. Rosenthal's [Rt-r.
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Figure 6. Weld Pool Growth With Time. 200 Ileetrode Tip
Angle, 4 mm Arc Length.
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Figure 7. Weld Pool Growth With Time. Kxpazisioz, of 0-5
Second Interval From Figure 6. 20* Zlectrode Tip
Angle, 4 =Arc Length.
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figure 8. Weld Pool Growth With Time. Impansion of 0-1
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Angle, 4 am Arc Length.
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Figure 10. Weld Pool Growth With Time. 90* Electrode Tip
Angle. 5 mm Arc Length.
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20] three-dimensional heat flow solution supports larger weld

poois with increasing power. Solving for radius of weld pool

while setting velocity equal to zero gives

qr=22KTT)

Assuming constant properties, input power is linearly related

to weld pool size.

2. Effect of Arc Length Changes

Three arc lengths (3 mm, 4 mm, and 5 mm) were studied

using different input power and electrode tip angles. The

effect of arc length is not clearly discernable as seen in

Figure 11. Scattered data was obtained due to voltage

fluctuations. Instrumentation only allowed for constant

current settings, not constant power. As arc length increased,

voltage increased to maintain current levels. This always

increased power input to the weld resulting in scattered data.

Figure 11 does show 4 mm arc lengths do produce slightly

larger weld pools.

3. Effects of Electrode Tip Angle

Three electrode tip angles as shown in Figure 12 were

studied. Tip angles 200, 450, and 90' were used as input power

and arc length were varied. Unlike the effect of arc length,

the effect of differing electrode tip angles can clearly be

seen in Figure 13. 20' electrode tip angles produce the
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largest pool, followed by 450, and the smallest weld pools

were produced by 90' electrode tip angles.

Figure 12. Electrode Tip Angles.

D. WELD POOL OBSERVATIONS

It is essential that correct mathematical models

describing convection and heat flow in weld pools are utilized

prior to full automation of the welding process. In Chapter I,

Table I reviews selected numerical models and Table II reviews

selected experimental studies. This section will compare

current weld pool observations with those listed in Tables I

and II. A number of discrepancies between the models and

computational predictions were found as described below.

1. Weld Pool Rise

One of the most clear and distinct observations that

the vision system used has made possible to measure is weld

pool rise during GTA welding of steels. A weld pool rise at
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Figure 13. Effect of changes in Electrode Tip Angle.
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the center of up to 1 3/4 mm was observed. All of the selected

studies [Refs. 1, 2, 4, 6, 7] except Zacharia et al. [Ref. 51

in Table I either neglect this rise or assume a flat surface.

Zacharia et al.'s model does treat the surface as truly

deformable; however his model predicts a crown like surface.

The present experiments show a clear rise of the entire weld

pool including the center as shown in Figure 14. An

experimental study by Kraus [Ref. 12] does confirm the weld

pool profile shown by the vision system. However, Kraus'

measurements were only made after the arc had been

extinguished. He also attributes this rise in part to the

removal of arc impingement associated with the cessation of

the arc. Other experimental studies as listed in Table II

[Ref. 9, 10, 13] were not using visualization techniques

capable of observing weld pool rise. Weld pool rise observed

increased with power and does not appear to be related to

electrode tip angle or arc length as seen in Figures 15 and

16.

2. Flow Observations

All computational models listed in Table I predict an

inward or outward flow on the weld pool surface. Most of the

studies listed attribute the flow to the three driving forces!

electromagnetic, buoyancy, and surface tension. The vision

system shows a distinct circumferential flow. Welding surfaces

were seeded with alumina particles and these particles were
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.Ti.Me +0 Second$

b. Time + 2 Seconds

rigure 14. Weld Pool Rise, 1. 2 mm, 300A, 14.8Ov, Arc Length
3zmm, 45" zlectrode Tip Angle.- Weld Pool Diameter
14.1 mm. Englargement x5.0.
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videotaped floating on the surface of weld pools in a mainly

clockwise direction. Figure 4 shows a distinct clockwise flow.

These circular flows occasionally reversed directions

completely and were often irregular in nature. In the

experimental studies review listed in Table II, only Woods and

Milner [Ref. 9] report swirling flow in what appeared to be

the clockwise direction. Metcalfe and Quigley [Ref. 10] using

cine photography report seeing floating material on the weld

pool but do not report the flow direction. The present weld

pool visualization technique did not allow flow patterns to be

categorized according to input power, arc length or electrode

tip angle since rotation was observable in most experiments.

When rotation was not observed, it was always due to the

absence of floating impurities. Counter-clockwise rotation was

often viewed when welding within two inches from the edge of

the plate as noted in Section B of this chapter.

3. Weld Pool Oscillations

Oscillations were observed for all welding conditions.

Oscillations in shape, size, and centering of the weld pool

were clearly observable. These are also contrary to the

predicted steady weld pools of the selected computational

studies [Refs. 1 though 7]. Current models do not account fok

this phenomena nor have experimental studies [Refs. 9, 10, 121

brought this out. Selected video frames displaying weld pool

oscillations are presented in Figures 17a through 17c.
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Lines are for reference only

a. Time
+ 0 Seconds

b. Time
+ 1 Seconq

c. Time
+ 3 Secon s

Figure 17. Weld Pool Oscillations, 200A, 14.0v, 4mm Arc
Length, 200 Electrode Tip I..cle. Weld Pool
Oscillates From Right (a) to Left (b) Back to
Right (c). Enlargement x5.0.
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TABLE VI. COMPREHL41SIVE LISTING OF
STATIONARY AR% EXPERIMENTS

Tip V I Power Arc Weld Pool Weld Pool Weld ?ool Depth
(degree) (Volts) (AWS) (Kwatts) Length Diameter Rio (mM)

(-) (--) (--)

20 14.0 200 2.80 3 10.7 1.0

20 14.0 251 3.51 3 13.6 1.2

20 17.0 300 5.10 3 17.9 1.3

20 14.0 200 2.80 4 14.2 0.7

20 16.2 250 4.05 4 18.5 1.0

20 17.2 300 5.16 4 25.7 1.7

20 13.8 200 2.76 5 12.9 1.7

20 14.7 252 3.70 5 14.4 1.0

20 15.5 300 4.65 5 18.8 1.3

45 12.3 201 2.47 3 10.0 .5

45 12.9 248 3.20 3 11.2 .6

45 12.9 300 3.87 3 13.7 .9 8.3

45 13.2 202 2.07 4 9.9 .3 7.0

45 13.2 251 3.31 4 11.4 .9 6.7

45 14.8 300 4.44 4 14.1 1.2 8.5

45 :3.1 200 2.62 5 21.5 .7

45 150 250 3.75 5 14.9 .9

45 i5.0 30C 4.50 5 15.6 1.2

90 ZI.2 20C 2.22 5 8.6 .5

9C 12.2 25 3.06 3 9.0 .9 6.5

90 4.3 303 4.33 3 14.2 1.5 8.0

90 11.4 200 2.28 4 7.8 .2

9 0 3.1 250 3.28 4 Ii.2 .6

9^ 14.7 300 4.42 4 13.4 .9

90 13.1 200 2.62 5 9.5 .2

90 13.5 250 3.38 5 1.9 .7

90 15.0 300 4.50 5 12.6 1.0
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IV. MOVING ARC EXPERIMENTS

Bead on plate welds ten inches long were studied for the

effect of welding speed and input power variations on weld

pool flow patterns. Two general power settings and four

welding speeds were studied. Arc length and electrode tip

angle were held constant at 4mm and 450 respectively. After

the selection of a power level, the video recorder was

started, the arc struck and the plate set in motion.

Measurements of the weld pool dimensions were taken from both

a cross-section of the solidified weld bead and video of the

weld pool. Welding parameters and weld pool dimension were

utilized to calculate welding efficiencies for moving arc GTA

process. The video recordings were also utilized to study weld

pool surface flows. A summary of welding parameters and weld

pool measurements for the various experimental runs can be

found in Table VIIA and B.

A. WELDING EFFICIENCY

Using Rosenthal's [Ref. 20] point source heat flow

solution the welding efficiency (11) is obtained as:

27 ( T, - T )Kr, exp V ( r o + x) (5)

1E 2a
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TABLE VIIA. SUMMARY OF WELDING PARMETZRS
AND WELD POOL MEASUREMENTS

I V P Speed Weld Pool Weld Pool % Ahead % Behind Weld Pool
Avga Volts Watts no/s Width Length Are A= Dfteh

203 14.4 2883 .85 10.5 16.3 40.v 60.C

0.0 16.5 38.2 61.8

9.9 16.C 39.1 60.9
23.3 16.2 38.9 61.1

10.2 "6.: 39.5 60.5

233 14. 2963 2.27 9.: 13.5 36.1 64.9

8.9 13.6 34.9 65.:

9.3 :3.^. 34.9 65.:

9.3 13.4 35.0 65.0

9.2 13.2 35.2 64.8

9.3 ".. 35.3 64.7

233 :3.9 2783, 3.22 8.. 9.4 33.3 66.7 2.8

8." 9.3 34.1^ 66.0

7.8 9.3 34.2 65.8

-.9 9." 32.9 67.:

9.7 34.: 65.9

8.2 9.6 32.5 67.5

23 3.7 274: 4 "7 7.4 8.3 3C.: 69.9

'8. 29.4 73.6

1.2 8.4 29.8 70.2

7.3 7.9 29.5 73.5

7.6 8.1 29.6 7C.4

7.3 8.2 29.4 73.6

7.B 8." 29.7 70.3
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TABLE -I lB. SUMMARY OF WELDING PARAMETERS
AND WRLD POOL MEASUREMENTS

I V P Speed Weld Pool Weld Pool% Ahead ' Behind Weld Pool
Aups Volts Watts mm/s Width Leagth AMC A= Depth

250 14.3 3580 .85 11.00 19.2 43.8 56.2 5.5

11.2 18.9 42.1 57.9

11.1 19.1 43.9 56.1

10.9 19.1 44.1 59.9

250 14.2 3550 2.27 9.7 16.4 35.5 64.5 3.6

9.4 15.9 36.1 63.9

9.9 16.1 36.0 64.0

0.0 16.3 35.0 65.0

9.6 16.2 35.9 64.1

250 14.4 3600 3.22 8.5 12.5 26.9 73.1 3.0

8.3 12.1 25.8 74.2

8.2 13.0 26.0 74.0

8.6 12.4 26.3 73.7

8.5 12.4 27 4 72.6

8.4 12.6 28.0 32.0

250 .4.0 3500 4.17 8.0 ::.5 23. 76.9 2.-

8.i 11.3 23.9 76.1

8.2 11.8 22.5 77.5

7.9 11.9 22.1 77.9

7.8 I.0 22.6 77.4

8.1 ii.4 23.5 76.5
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where K, T,, T,, r0, I, E are listed in Chapter III
and v = welding speed

c = thermal diffusivity

v and x are in the coordinate system shown in Figure 18.

x

Figure 18. Coordinate System.

Using Equation (5) and measurements of actual weld pool

dimensions from both video and solidified weld pool,

efficiency can be calculated. Weld pool cross-section samples

were prepared as noted in Chapter III (seen in Figure 3) and

provided weld pool depth and width measurements with an

uncertainty of 0.2mm. Measurement of weld pool length

dimension were taken directly from video screen while

reviewing each frame. The electrode tip or gas cap was

utilized as a basis for comparison measurements and also

resulted in an uncertainty of 0.2mm. Table VIII lists the

efficiencies as calculated from Equation (5), using

measurements taken from the front, side, rear, and bottom of

the weld pool. Efficiencies calculated with dimensions from
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the front of the weld pool provided the poorest results. Some

values above 100% were obtained indicating that Rosenthal's

point source solution may be a poor representation of the

fusion zone size. Efficiencies calculated from dimensions of

the front, rear, and bottom decreased with increasing speed

while efficiencies calculated from dimensions of the side

increased with increasing velocity.

Using calorimetric type measurements, Giedt et al. [Ref.

22] measured an efficiency of 80% for welding 304L stainless

steel with parameters listed in the first line of Table VIII.

His measurements show a decreasing efficiency above 200 Amp

(2.0 KW). Comparison with the calculated efficiency from weld

pool depth measurements in Table VIII shows a similar

decreasing efficiency trend with increasing power.

TABLE VIII. CALCULATED EFFICIENCIES.

ff ioiency
Power Speed % Front %" Rear % %. Giedt at al.**
Kwatts mm/sec Side Bottom % Cal
2.05 .85 80
2.88 .85 i00 66.3
2.96 2.27 86.4 80.22
2,78 3.22 85 75 88.2 77.7
2.74 4.i7 77 62.2 93.4

3.58 .85 88.8 59.8 76.0
3.55 2.27 86.4 74.6 73.8
3.60 3.22 77.7 75.0 75.4 71.5
3.50 4.i7 75.4 74.5 86.8 69.6

* Based on Eo.ation (5) using measurements from Table V:1.

Based on Giedt et al.'s [Ref. 23] measurements usirng calorimetric type
experiments. Giedt et al.'s data indicate an efficiency drop beyond 200 Akp
(2.0 Kw).

Values above :00% inoicating Rosenthal's point source solution is poor
representation of the fusion zone size.
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B. EFFECT OF WELDING POWER

Two different power settings were utilized for moving arc

experiments. 200 and 250 amps along with 13.7 to 14.7 volts

were used to provide the two general power ranges. The higher

power range 3590 ± 100 W and the lower power range 2840 ±

120 W were both generated while the arc length of 4mm and

electrode tip angle of 450 remained constant throughout the

experiments. Weld pool dimensions were tabulated as noted in

section A of this chapter and graphed against input welding

power. Each experiment was grouped according to welding speed.

Figures 19-21 show one clear effect of input power. The

higher the input power, the larger the weld pool as noted by

a wider and longer weld pool. As for stationary welds,

Rosenthal's (Ref. 20) three-dimensional heat flow solution

also supports larger weld pools with increasing power. Each

jump in power shown in Figures 19-21, shows an increase in

weld pool length, width, and depth.

C. EFFECT OF WELDING SPEED

Four different welding speeds (0.85, 2.27, 3.22 and 4.17

mm/s) were utilized to study moving arc welding. In both high

and low power welds measurements of weld pool dimensions were

taken from video or solidified weld bead, as stated earlier.

Rosenthal's moving point source solution may be rearranged to

show how welding velocity effects weld pool dimensions.

Equation (6) shows that at the rear of the weld pool where
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y=0, z=0, and r0=IxI

q = 2 ( T, - T ) IxI exp v (IxI + x) (6)2 as

Also, the rear of the weld pool I xI + x = 0, showing that the

dimension of the moving arc weld pool is a linear function of

power. Table IX shows calculated weld pool dimensions using

Rosenthal's moving point source solution. The values

incorporate a welding efficiency of 80% for the listed welding

parameters. Weld pool dimensions decrease as welding speed

increases given by weld pool width and length decreases. Since

the distance between the center and rear of the weld pool is

determined by the input power, a decrease in weld pool length

can be attributed to a decrease in the weld pool in front of

the arc. This causes the percent of total weld pool area in

front of the arc to decrease with increasing speed, as shown

in Figures 22 through 27.

Using a numerical model Ule et al. [Ref. 8) predict weld

pool measurements for an actual input power of 2.54 Kw and

welding speed of 4mm/sec. His values are listed at the bottom

of Table IX and are somewhat larger than the corresponding

measurements for a slightly higher power of 2.74 Kw.

D. WELD POOL SURFACE FLOWS AND FEATURES

Several new features of the weld pool have been made

observable with the laser vision system. Surface flow patterns

were not as clearly observable as for stationary arc
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TABLE IX. CALCULATED WELD POOL DIMENSIONS.
Calculated from Rosenthal for 80% efficiency (Actual measured value).

Power Speed Weld Pool Weld Pool % Weld Pool in
KWatts rm/ee Width Length Front of Ilea

2.88 .85 10.6 (10.1) 12.7 (16.2) 38.6 (39.1)

2.96 2.27 9.1 (9.1) 11.4 (13.3) 29.8 (35.2)

2.78 3.22 7.6 (8.1) 10.3 (9.4) 23.0 (33.6)

2.74 4.17 6.3 (7.4) 9.9 (8.1) 24.6 (29.8)

3.58 .85 14.0 (11.1) 15.4 (19.1) 36.9 (43.8)

3.55 2.27 10.2 (9.8) 13.4 (16.2) 28.0 (35.5)

3.60 3.22 8.9 (8.4) 13.0 (12.4) 24.6 (26.9)

3.50 4.17 7.8 (8.1) 11.2 (11.7) 22.3 (23.1)

2.54' 4.0 8.9 12.3 24.2

Based on Uile's (Ref. 8] computer model.

experiments due to the relatively slow recording speed of 60

frames per second. Some of the clearly observed features are

next presented.

1. Weld Pool Depression and Rise

A weld pool depression near the electrode estimated to

be about 1-2mm was present in all moving arc welds. This

depression is centered under the electrode and causes a rise

near the tail end of the weld pool. Figure 28 shows this

depression and rise. Most solidified weld beads exhibited this

rise shown in Figure 29. During production welding, tabbing is

commonly used on either end of butt weld to start and finish

the weld. This prevents loss of material strength due to

formation of depression when abruptly extinguishing the arc.
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The sequence of Figures 28a-d shows this depression when the

arc is extinguished abruptly.

2. Weld Pool Surface Flows

As stated earlier, photography of weld pools from a TV

monitor, replayed on a time lapse recorder allowed frames to

be taken at representative speed of 1/60 of a second. This

speed provides excellent video of the weld pool in motion

making still photographs a poor substitute for viewing the

welding process at its actual speed. Indeed the best video and

consequently the best still photographs were produced using

low welding power at low welding speeds. This kept the motion

on the weld pool surface slow enough to be captured as clearly

as possible at 60 frames per second.

The weld pool patterns showed material being removed

from the front of the weld pcol, circulated around the sides

of the pool and finally being deposited at the rear of the

weld pool. Flows observed were from front to rear as indicated

by Figures 30 through 32. The particles in this sequence move

half the length of the weld pool in about 1/20 of second or at

an estimated speed of .22m/sec. Table X reviews selected

reported speeds; however none of the speeds (except the

present) are reported to be in a circumferential direction.,

Figure 30 through 32 also show a thin layer of

aluminum particles and other unidentified material dragging

behind the weld pool. The layer is almost always present and
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a. Time + 0 Seconds. Arc Moving From
Left to Right Direction of Weld

b. Time + 1.0 Seconds. Arc Extinguished.

c. Time +2.0 Seconds. Weld Pool Depression Observable.

d. Time + 3.0 Seconds. Weld Pool Depression Observable.

Figure 28. Weld Pool Depression. 250A, 14.3 v, Welding Speed
.85 mm/sec. Actual Weld Pool Width of 11.1 mm.
Enlargement x4.0.
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Figure 29. Solidified Weld Bead Showing 0. 5 mm Rise at
Center of Weld. 250A, 14.2 v, Welding Speed 4.17
mm/sec. Enlargement x3.2

is of- er hic;h-ia!izh ej :z one "Large drop -;- tne rear cer.:er Cc
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TABLE X. REVIEW OF SELECTED REPORTED SPEEDS.

investigator Speed Comments
m/s

Present .22 Using laser vision system, 2.58 Kw
Investigation, at 4mr. Arc, 450 electrode tip, .85

mm/s welding speed
HY80.

Saedi. & Unkel .05 Thermal fluid model 100 amp - report
(Ref. 4. laminar flow

Zacharia et al. .6-1.0 Three dimensional transient model -
(Ref. 71 stationary and moving, .84 Kw,

welding speed of 3.4 mm/sec
6061 aluminum

Kim & Na :Ref. 6; .4 Numerical mapping model,, 2.0 Kw
stationary welding

AISJ 1042

Woods & Milner . 7 Experimental observation - simulated
rRef. 9" welds 160 amps - stationary
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Figure 30. Weld Pool Flow. Time + 0 Seconds, 250 A, 14,2 v,
Welding Speed 2.27 mm/sec. Englargement x5.5.
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Figure 31. Weld Pool Flow. Time + .02 Seconds, 250 A, 14.2
v, Welding Speed 2.27 mm/sec. Enlargement x5.5.
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V. CONCLUSIONS

Computational models describing convection and heat flow

in weld pools are essential for the construction of a fully

automatic welding system. The weld pool visualization system

utilized in the present experiments has allowed a close and

almost unobstructed view of the weld pool surface for both

moving and stationary arc welds.

Under a wide variety of welding parameters for stationary

welding, several main points are made. Firstly, weld pools are

not flat as some models suggest, but rather rise about 1-2mm

in height, decreasing the effective arc length. Weld pools

also exhibit a free surface often shifting its height and

crown formation. Secondly, weld pool rotation in the clockwise

direction is not predicted by any numerical model to date and

is not clearly reported in recent published experimental

observations. Finally, weld pool oscillations are also not

accounted for or predicted by any numerical model and are also

not reported in any experimental studies. These features of

the motion of the weld pool almost certainly have significant

effect on the heat transfer in the pool.

Moving arc weld pool experiments using varying welding

parameters have also shown several interesting features. These

weld pools are characterized by a depression near the center

of the pool and a rise in the tail end of the weld pool. This
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free weld pool surface contains strong convection currents

measured at .22m/sec. Pools also carry at their end impurities

which become solidified at the center of the weld bead. Fluid

flow in moving arc weld pools could be better photographed at

shutter speeds higher than 60 frames per second.
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